Objective: Thiosemicarbazone (TSC) containing three new mononuclear ruthenium(II)-arene complexes were synthesized so as to contribute to the development of ruthenium complexes with pharmacologically attracted properties.
INTRODUCTION
Thiosemicarbazones (TSCs) are of current interest with respect to their chemotherapeutic properties and biological activity. 1 These compounds have many applications especially as reagents for the micro-analytical determination. 2 TSCs have nitrogen and sulfur donors which can coordinate to metal centers. 3 TSCs and their metal complexes have been extensively researched during recent years, as integration of metals onto TSCs can afford variation or enhancement of their biological activities. 4 TSCs have useful structural motif that is of the potential to display chemical functionality in biologically active molecules. 5 TSCs and their metal complexes have many examples of pharmacological applications including antimalarial, antiviral, antiamoebic, antiprotozoal, antibacterial, antifungal and anticancer activities. [3] [4] [5] [6] [7] [8] Their biological activities are considered to play a vital role in biological systems due to the TSCs to chelate with trace metal ions. 8, 9 Optimization of these type molecules can result in discovery of new class therapeutic agents. There has been great regard in the chemistry and medicine of organometallic ruthenium(II)-arene complexes as the improvement of effective synthetic precursors. [10] [11] [12] Organometallic ruthenium complexes, especially the half-sandwich arene ruthenium(II) complexes, are thought to be a bright class of antimicrobial and anticancer agents. 13 The geometry of half-sandwich ruthenium(II) complexes allow a decent formation of new molecules by altering the corresponded arene ring, the chloride group and the chelated ligand. 14, 15 The aim of incorporate organometallic and biological constituents has led to the improvement of new and promising biological active and water soluble molecules.
In our recent study, TSCs containing halfsandwich (η 6 -p-cymene) ruthenium(II) complex [(η 6 -p-cymene)RuClTSC N-S ]Cl and ruthenium (II) carbonyl complex [Ru(CO)Cl(PPh3)2TSC N-S ] were synthesized and their biosensor applications and antimicrobial activity tests were carried out. 9 The structural characterization and oxygen sensitivity of ruthenium(II) carbonyl complexes were also studied and their antimicrobial activities were determined by our research group. 16 We reported that arene containing ruthenium(II) complexes show higher antimicrobial activity than the others. In this paper, we present synthesis, characterization and antimicrobial activity of new conformationally stable ruthenium(II)-arene complexes 19 and Scovill's methods. 20 As a general procedure, a hydrazinecarbothioamide was dissolved in methanol by stirring and refluxing for 30 min. After the addition of corresponding aldehydes; (2-hydroxy-3-methoxybenzaldehyde (o-vanillin), 3-hydroxybenzaldehyde or 3,4-dihydroxybenzaldehyde), the mixture of reaction was refluxed for 4-6 h in the presence of 2 mL of H2SO4. The solvent was evaporated under reduced pressure and the obtained residue was recrystallized using the petroleum ether. Finally, the purified compounds were dried under vacuum and kept for further synthesis. The molecular structures of synthesized 2-hydroxy-3-methoxybenzaldehyde thiosemicarbazone (TSC 1 ), 3-hydroxybenzaldehyde
METHODS

Chemicals and physical measurements
Reagent grade chemicals and solvents were used in the synthesis of the organometallic ruthenium(II)-arene complexes. RuCl3•3H2O and thiosemicarbazide were obtained from Sigma-Aldrich. Silica gel and all used solvents (dichloromethane, ethanol, methanol, petroleum ether) were purchased from Merck. All chemicals used for the syntheses of benzaldehyde derived mono thiosemicarbazones were purchased from Sigma-Aldrich as well. All reactions were carried out under argon by Schlenk technique. Solvents were dried and purified according to standard procedure prior to use. 3 JH-H = 8.1) ( Figure 2C ); UV-vis (in THF, nm): : 333 with identical spectroscopic properties.
Characterization data of 3-hydroxybenzaldehyde thiosemicarbazone (TSC 2 ).
Figure 2. 1 H NMR spectra of (A) TSC 1 , (B) TSC 2 and (C) TSC 3 ligands (500 MHz, DMSO-d6).
Synthesis of the complexes
Complexes I-III were prepared by the reaction of the ruthenium(II)-arene dimeric precursor In vitro antibacterial activities of the halfsandwich organometallic ruthenium(II)-arene complexes (I-III) were investigated by the disc diffusion method according to our previously described method based upon the NCCLS (National Committee for Clinical Laboratory Standards). 9, 16 The bacterial strains were inoculated into 25 mL of Nutrient Broth (Oxoid) medium in an orbital shaker at 200 rpm for 4 to 6 h until a turbidity of 0.5 McFarland (1 × 10 8 CFU/mL) was reached. Final inoculum on Nutrient Agar (NA, Merck) plates was adjusted to 5 × 10 5 CFU/mL. Yeast C. albicans ATCC 10231 was inoculated into 25 mL of Sabouraud Dextrose Broth (Oxoid) in an orbital shaker at 200 rpm for 8 to 10 h until a turbidity of 0.5 McFarland was provided. The final inoculum on Sabouraud Dextrose Agar (Merck) plates was adjusted to 5 × 10 5 CFU/mL. Filter paper discs (6 mm diameter, Oxoid) were impregnated with 10, 15 and 20 µL of stock solutions (5 mg/mL in methanol/dichloromethane (2:8)), and were then dried under sterile condition for 4 h. Prepared discs were settled on the inoculated agar surfaces. Solvent system (methanol/dichloromethane (2:8) 20 µL) was used as a negative control. These plates were incubated at 37 °C for 24 h for bacteria and 48 h for yeast. All attempts were carried out twice and the antimicrobial activity was presented as the mean of inhibition diameters (mm) formed by complexes (I-III).
RESULTS AND DISCUSSION
Synthesis and Characterization
As shown in Scheme 1, compounds I-III were synthesized by the reaction of dichloro(pcymene) ruthenium(II) dimer (1) with the respective TSC 1-3 in a 1:2 molar ratio in methanol. All ruthenium(II)-arene halfsandwich complexes were characterized by using analytical and spectroscopic methods.
Scheme 1. Synthesis of the organometallic ruthenium(II)-arene complexes (I-III).
The analytical data for I-III were given in the Materials and Methods section. The obtained analytical data for the synthesized ruthenium(II)-arene complexes corresponded to suggested formula. The complexes I-III were isolated in moderate yields up to 80%. The organometallic ruthenium(II)-arene halfsandwich complexes were completely resistant to both air and light. All complexes (I-III) were quite soluble in dimethyl sulfoxide, dichloromethane and chloroform.
Infrared spectra. TSCs are very versatile ligands and adopt various binding modes with transition metal ions by bonding through hydrazinic terminal nitrogen and sulfur atoms. They can exist in the two tautomeric forms as either neutral thione form or anionic form after deprotonation in order to coordinate to the metal center, as shown in Figure 3 . The FT-IR spectra of all complexes approve that all of the TSC 1-3 ligands coordinated as thione form in I-III. The principal stretching frequencies of ruthenium(II)-arene complexes I-III were given in the Materials and Methods section. The peaks observed between 3276-3337 and 3409-3466 cm −1 regions in the FT-IR spectra of the TSC 1-3 ligands were assigned to symmetric and asymmetric stretching frequencies of terminal NH2 groups, respectively. These bands were observed in the spectra of the complexes as well, indicating non-involvement of this group in coordination. A sharp band at 3151, 3155 and 3181 cm −1 for complexes I to III, respectively, related to υ(N-H) of -NH-N=C moiety was presented both in the complex and free ligand spectra. 21 Coordination through the imine nitrogen was inferred by variation of the absorption bands between the complex and free TSC. The C=N stretching bands observed for the free TSC 1 , TSC 2 and TSC 3 ligands at 1591, 1593 and 1595 cm −1 , respectively, which were shifted to lower frequencies in the spectra of the complexes and thus alters υ(C=N) to 1552 cm −1 for I, 1563 cm −1 for II and 1566 cm −1 for III after coordination via the imine nitrogen of ligands to ruthenium(II) metal center. The υ(N-N) bands of the free TSC 1 , TSC 2 and TSC 3 were observed at 1053, 1062 and 1111 cm −1 , respectively. In the spectra of the complexes, the altered frequencies of these bands at 1065 cm −1 for I, 1120 cm −1 for II and III provided evidence for coordination via imine nitrogen. 16, 22 The absorptions bands of TSC 1 , TSC 2 and TSC 3 at 819, 831 and 838 cm −1 , respectively, belonging to υ(C=S), were observed in the lower frequency region in the spectra of the complexes at 778 cm −1 for I, 816 cm −1 for II and 825 cm −1 for III. This downward shift (13-41 cm −1 ) in the complexes suggested the coordination of thione sulfur atom.
A sharp band due to phenolic -C-O absorption was observed at 1254 cm −1 in free TSC 1 . During the complex formation, this band shifted to lower frequency (1248 cm −1 ), exhibiting coordination of TSC 1 via the phenolic oxygen. 16, 23 At the same time, it is verified that the disappearance of the observed broad band at 3263 cm −1 in free TSC 1 due to phenolic υ(OH) in complex I. Phenolic proton signals of the free ligands were observed at 9.16 ppm for TSC 1 , 9.51 ppm for TSC 2 and the two signals at 9.24 and 9.29 ppm for TSC 3 , respectively. The observed singlet peak based upon -OH proton in the spectrum of free TSC 1 vanished in the spectra of complex I. 16 This observation was proven coordination to ruthenium through phenolic oxygen atom at complex I. In the spectra of complexes II and III, the signals were assigned at 9.53 ppm for II, the two broad signals at 9.28 and 9.32 ppm for III due to phenolic hydroxyl groups. The signals for the methoxy protons were seen near 3.80 ppm region both TSC 1 ligand and its complex (I).
FT-IR
In the spectra of complexes (I-III), sharp singlets were appeared at 9.05 (I), 8.56 (II) and 8.57 ppm (III), and these peaks were assigned to imine protons (-HC=N). A downfield shift was observed for these signals compared to the free TSC 1-3 ligands (TSC 1 , TSC 2 and TSC 3 at 8.38, 7.95 and 7.87 ppm, respectively) upon coordination to ruthenium, suggesting coordination of the metal to the azomethine nitrogen atom as the signal becomes more deshielded in each case. This is usually revealed for similar arene-ruthenium(II)-TSCs as well. 12, 13, 26 For TSC [1] [2] [3] ligands, the NH2 group generated two distinct singlets between 8.04-8.16 and 7.72-7.88 ppm. This pattern is to be expected as a result of the C-N bond possessing some π character via the mesomeric effect, as the protons are magnetically nonequivalent. 14, 26 This results in hindered rotation about this bond which is common in thioamides. 14 The multiplets observed in the region around δ 6.73-7.52 ppm in all the listed complexes were assigned to the aromatic protons of the phenyl groups of the free TSC 1-3 ligands. The hydrazinic NH protons of free ligands which resonated at 11.38, 11.35 and 11.20 ppm for TSC 1 , TSC 2 and TSC 3 , respectively, were observed at 11.26 for I, 11.37 for II and 11.28 ppm for III with slight shifts in the spectra of the complexes.
In the 1 H NMR spectra of I-III all showed that the TSC 1-3 ligands were in neutral thione form (evidenced by the presence of the -NHprotons). The methyl substituents of the isopropyl group were appeared as two welldefined doublets, which additionally verified the loss of symmetry of two unequal methyl groups, in the aliphatic region of the spectra. The methyl protons were resonated at 1.16 and 1.23 ppm for I, 1.15 and 1.24 ppm for II and 1.18 and 1.22 ppm for III. Four doublets were observed for the arene-ring and were found in the region of 4.65-5.42 ppm for I, 4.86-5.82 ppm for II and 4.94-5.98 ppm for III. The disappearance of symmetry was approved by the presence of a set of two doublets explain the protons of the p-cymene rings. The methyls of the isopropyl were appeared as two welldefined doublets in the aliphatic region of the NMR spectra, which also approved the absence of symmetry as the two methyls were unequal. The disappearance of symmetry of the pcymene rings in all cases proves that coordination modes of I-III were identical. 12, 13, 26 Electronic spectra. In the electronic spectra of the complexes I-III were recorded in THF, and the two absorption regions were observed at the 253-272 nm and 330-358 nm, respectively.
Complexes I to III the first bands region (272, 253 and 267 nm, respectively) could be corresponding to Ru (4dπ)π* (imine) (MLCT) transition. The bands below 272 nm were due to intra-ligand transitions taking place within TSC orbitals. These bands were presented in the UV spectra of the TSCs as well, but at a pretty lower wavelength, approving the coordination of the TSCs to ruthenium. The UV spectra pattern of I-III suggested the presence of an octahedral environment around the metal. 27 The most likely assignment for the second band region was due to the n and/or * transitions. The ground state of areneruthenium(II)-TSCs was 1 A1g, stem from the t 6 2g configuration in an Oh surrounding. Excited states according to the t 5 2ge 1 g configuration were 3 T1g, 3 T2g, 1 T1g, and 1 T2g. Accordingly, four bands due to the transitions 1 A1g 3 T1g, 1 A1g 3 T2g, 1 A1g 1 T1g, and 1 A1g 1 T2g were most likely, in order of increasing energy. 16 
Antimicrobial activity of organometallic ruthenium(II)-arene complexes
In the present study, the in vitro antimicrobial properties of ruthenium(II)-arene complexes I, II and III were studied using a disc diffusion assay approved by NCCLS against ten test microorganisms. Some of them were clinically isolated S. aureus and control strain S. aureus ATCC 25923 strains, pyogenic bacteria known to play a significant role in invasive skin diseases including deep and superficial infections such as impetigo, cellulitis, folliculitis, subcutaneous abscesses, infected ulcers and wounds. 28 C. albicans was also chosen for this study since it is an infection of the yeast fungus, which occurs on the surface of the tongue and inside the mucus of the cheeks. S. aureus and C. albicans are often co-isolated in cases of biofilm associated infections. However, the literature on the interactions between these pathogens is limited. 29 The TSC containing three new mononuclear ruthenium(II)-arene complexes were displayed compromising antibacterial activities against Gram-positive bacterial strains. The data conceded that the standard ATCC strains of Gram-positive bacteria were more susceptible than Gram-negative ones. These results were also confirmed by early works. 9, 16 It has been suggested that the mechanism of the antimicrobial effects incorporates the inhibition of various cellular procedures, followed by an increase in plasma membrane permeability and in the end ion leakage from the cells. 30 In other respects, the variation of susceptibility between Gram-negative and Gram-positive bacteria could be as regards to their essential properties that are related to the permeability of their cell surface to the conformationally stable half-sandwich ruthenium(II)-arene complexes (I-III). 9, 30 Figure 4A ) and control strain S. aureus ATCC 25923 strains, respectively. Further, the complex III exhibited the best antibacterial activity (16 mm inhibition zone at 100 µg/disc) against B. subtilis ATCC 11774 ( Figure 4B ) compared with the activity of the tested antibiotics. It was finally observed that the tested compounds did not have any antimicrobial activities versus Gram-negative bacteria and yeast. Complexes 
